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During mitosis, most transcription ceases. Mitotic gene bookmarking marks genes for reactivation to ensure
reestablishment of transcription states and cell-cycle progression. In a recent issue of Nature Cell Biology,
Zhao et al. (2011) investigate how gene bookmarking leads to accelerated kinetics of transcriptional
reactivation after mitosis.The restart of transcription after mitosis
poses a challenge to cells. During mitosis,
chromatin is globally condensed and
many transcription factors are excluded
from mitotic chromosomes. After mitosis,
these factors and the transcription ma-
chinery need to be restored to the correct
genes. The reestablishment of gene
expression patterns upon mitotic exit is
thought to be mediated in part by gene
bookmarking (Sarge and Park-Sarge,
2009). Mitotic bookmarking involves
placement of a mark on certain active
genes, and it persists through mitosis,
allowing them to return to an active state
upon mitotic exit, much like a bookmark
allows a reader to return to where they
left off after a period of inactivity. At least
two functions have been ascribed to
gene bookmarking. One is transmission
of transcriptional status from mother to
daughter cell so that stable cell pheno-
types can be maintained. A second is to
poise genes for expression early in G1
(Sarge and Park-Sarge, 2009). Several
kinds of molecular bookmarks have
been identified on mitotic chromosomes,
most prominently sequence-specific
transcription factors, but how bookmark-
ing influences transcription after mitosis
is less clear.
A recent study by Zhao et al. (2011)
in Nature Cell Biology uses real-time
imaging of inducible transcription using
the doxycycline system to ask how active
transcription before mitosis affects the
kinetics of transcription activation after
mitosis in mammalian cells. They find
that when a multicopy reporter gene is
activated in interphase, transcription
(monitored in real time with a fluorescent
MS2 RNA binding protein) ceases in
mitosis but is rapidly reactivated whencells exit mitosis. The kinetics of Pol II
recruitment and production of transcripts
after mitosis are accelerated by 13-fold
and 5-fold, respectively, as compared
with de novo activation or interphase re-
activation. This is the difference between
peak activation within 30 min versus
more than 2 hr. Histone acetylation is
known to remain through mitosis, and
these authors find that the promoter of
the reporter gene locus is enriched for
the histone modification H4 lysine 5
acetylation (H4K5ac). This modification
persists in mitosis. Bromodomain protein
4 (BRD4), which recognizes H4K5ac, is
observed at the locus in 50% of mitotic
cells and is recruited to the locus more
quickly during transcriptional reactivation
after mitosis than during interphase
induction. The recruitment of BRD4 corre-
lates with decompaction of chromatin at
the locus, and knockdown of BRD4 slows
accumulation of transcripts after mitosis.
Artificial tethering of BRD4 causes locus
decompaction and increases the rate of
induction of transcription, independent
of mitotic exit. Together, these data sug-
gest that H4K5ac functions as a mitotic
bookmark and that this bookmark func-
tions by recruiting BRD4, leading to locus
decompaction and more rapid recruit-
ment of Pol II.
The involvement of BRD4 and histone
acetylation in mitotic gene bookmarking
had previously been established (Dey
et al., 2009; Yang et al., 2008). Histone
acetylation and BRD4, which persist in
mitosis, were linked with expression of
genes early in G1. It was shown that
BRD4 regulates the transcription of
genes expressed exclusively in early G1,
including those required for cell-cycle
progression, but not those exclusively ex-Developmental Cell 21, Npressed at other times of the cell cycle or
those that are not cell-cycle regulated
(Dey et al., 2009; Yang et al., 2008). The
more rapid kinetics of transcription fol-
lowing mitosis seen by Zhao et al. thus
fits well with the known function of
BRD4 in regulating early G1 genes,
because timely activation of these genes
is required for cell-cycle progression
and viability (Mochizuki et al., 2008). In
mouse and some human cells, BRD4
(which binds tightly to acetylated his-
tones through its double bromodomain)
is prevalent on mitotic chromosomes,
suggesting that BRD4 may form part of
the bookmark. In the human U2OS cell
line used by Zhao et al., widespread
binding of BRD4 to mitotic chromosomes
was not observed, and BRD4 association
with the reporter locus in mitosis was
variable. One question is the role the tran-
scriptional activator plays in bookmarking
in this system. The TetR DNA binding
domain used in the doxycycline inducible
transcription system is a bacterial tran-
scription factor, and it may well remain
bound to mitotic chromosomes. Given
that mitotic retention of transcription
factors or core machinery has been found
in most examples of bookmarking, it will
be interesting to determine whether the
H4K5ac-BRD4 connection is sufficient to
bookmark genes or whether it does so in
the context of bound activator.
Mitotic bookmarking, including book-
marking by lineage-specific factors, has
consistently been linked to genes in-
volved in growth control, proliferation,
and differentiation and has been sug-
gested to involve accelerated activation
(Zaidi et al., 2010). For example, themam-
malian protein mixed-lineage leukemia
(MLL) binds to the promoters of highlyovember 15, 2011 ª2011 Elsevier Inc. 807
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Previewsexpressed genes during mitosis and is
important for the rapid reactivation of
these genes upon mitotic exit (Blobel
et al., 2009). Unlike BRD4 marked genes,
these genes are not early G1-specific
genes but instead are among the most
highly expressed during interphase and
include cell-cycle regulators, chaperones,
and the translation machinery. It seems
likely that the accelerated recruitment of
Pol II demonstrated by Zhao et al. is a
general feature of this type of bookmark-
ing mechanism. Bookmarking has also
been implicated in maintaining cell-type-
specific gene expression patterns across
mitosis (Zaidi et al., 2010). Whether rapid
reactivation is the keymechanism in these
cases is not yet clear.
Zhao et al. propose that chromatin de-
compaction by BRD4 may mediate the
accelerated transcriptional activation
observed in the system. Open chromatin
structure has been implicated in several
other mitotic bookmarking events, and it
may be that it is a general feature of
mitotic bookmarking, despite the diversity
in the molecular nature of the bookmarks
themselves. An earlier study showed
persistent DNaseI hypersensitivity at the
hsp70 promoter during mitosis, even as
transcription factor binding was lost.
This nuclease hypersensitivity may be808 Developmental Cell 21, November 15, 20indicative of altered chromatin configura-
tion (Martı´nez-Balba´s et al., 1995). Tran-
scription factor HSF2, which bookmarks
the hsp70i gene, recruits protein phos-
phatase 2A (PP2A) to the hsp70i promoter
during mitosis. PP2A dephosphorylates
a subunit of the condensin complex,
thus inactivating it, which is thought to
prevent local chromatin compaction at
the promoter (Xing et al., 2005). Similarly,
general transcription factor TBP, which
has also been shown to act as a mitotic
bookmark, causes decompaction of its
target gene promoters in mitosis by the
same mechanism employed by HSF2: it
recruits PP2A, which inactivates conden-
sin and prevents local chromatin compac-
tion (Xing et al., 2008). It is possible that
open chromatin facilitates the reassembly
of the transcriptional machinery on the
bookmarked locus upon mitotic exit.
Many bookmarking events have been
shown to involve binding of transcriptional
regulators to mitotic chromosomes;
whether open chromatin influences or
reflects the binding of these factors in
most cases remains to be determined.
Much work remains to elucidate the
mechanisms and consequences of mi-
totic bookmarking. However, this study
provides a compelling example of tran-
scriptional regulatory information being11 ª2011 Elsevier Inc.transmitted through mitosis and strong
evidence that the information is based in
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Autophagy is an intracellular membrane-trafficking pathway for the delivery of proteins and organelles to
lysosomes for degradation and recycling. DeSelm and coworkers (2011) now describe an essential role for
autophagic proteins in the trafficking and fusion of lysosomes at the site of bone resorption: the osteoclast
ruffled border.The study of autophagy has led to the
identification of a large set of autophagy-
related (Atg) proteins that are involved
in the delivery of proteins and organelles
to the lysosome. A subgroup of these
proteins participates in the biogenesis
of autophagosomes, double-membranevesicles that sequester and deliver
cellular components to the lysosome
during autophagy. Central to this process
are two ubiquitin-like systems consisting
of the Atg5-Atg12 and the Atg8-phospha-
tidylethanolamine (PE) conjugates, as well
as Atg7, an enzymewith similarity to an E1ubiquitin-activating enzyme. Atg8 is first
processed by the Atg4 protease, leading
to the exposure of a glycine residue at
its C terminus. The Atg5-Atg12 conjugate,
complexed with Atg16, subsequently
acts in a manner similar to an E3 ubiquitin
ligase to promote the conjugation of Atg8
